Recent studies have shown that entrainment effectively describes the behaviour of natural and forced separating/reattaching flows developing behind bluff bodies, potentially paving the way to new, scalable separation control strategies. In this perspective, we propose a new interpretative framework for separated flows, based on mass entrainment. The cornerstone of the approach is an original model of the mean flow, representing it as a stationary vortex scaling with the mean recirculation length. We test our model on a set of mean separated topologies, obtained by forcing the flow over a descending ramp with a rack of synthetic jets. Our results show that both the circulation of the vortex and its characteristic size scale simply with the intensity of the backflow (i.e. the amount of mass going through the recirculation region). This suggests that the vortex model captures the essential functioning of mean mass entrainment, and that it could be used to model and/or predict the mean properties of separated flows. In addition, we use the vortex model to show that the backflow (i.e. an integral quantity) can be estimated from a single wall-pressure measurement (i.e. a pointwise quantity). Since the backflow also appears to be anticorrelated to the characteristic velocity of the synthetic jets, this finding suggests that industrially deployable, closed-loop control systems based on mass entrainment might be within reach.
I. INTRODUCTION
Separating/reattaching flows are one important source of aerodynamic losses in many industrial flows, one common example being the large shape drag of bluff bodies such as long-haul, heavy ground vehicles [1] . In this respect, understanding and controlling these flows is of primary importance for improving performances of industrial systems, in particular in the present context of increasingly stringent environmental regulations. Prototypical separating/reattaching flows developing on simple geometries, such as the backward facing step (BFS) or ramps of various shapes, have been studied extensively for several decades, giving us a relatively complete general understanding of their functionning. The fully turbulent separating/reattaching flow generally presents one large recirculation region [2] , which extends from the separation point (usually fixed at the salient edge of, say, the BFS) to the reattachment point. A separated shear layer develops between the recirculation region and the free flow, growing in thickness until it hits the wall at the reattachment point. Over the first half of the recirculation region, the separated shear layer seems to behave almost as a free shear layer [3] . Similarities include the value of its growth rate [4, 5] as well as the presence of a convective instability ( [6, 7] , among others) reminding the convection of large-scale structures reported by Brown and Roshko [8] in free shear layers. Downstream of the reattachment point, the flow slowly relaxes to a new boundary layer [9] .
One primary approach to mitigate aerodynamic losses caused by separating/reattaching flows has focused on artificially modifying their induced pressure distribution, for example in order to reduce drag [10] . This often comes down to controlling the shape of the recirculation region, its size, or both. Usually, the mean reattachment length L R , defined as the streamwise distance between the mean separation point and the mean reattachment point, is considered an appropriate, synthetic indicator of these geometric properties of the recirculation region. Many techniques have been proposed to modify L R , ranging from passive devices as vortex generators [11] , to active systems such as steady suction [12] or blowing [13] , pulsed jets [14] , plasma actuators [15] and synthetic jets [16] . Among these methods, those based on a periodic forcing have received particular attention, because of their ability to interact with the instabilities of the separated shear layer. A large corpus of experimental works [17] [18] [19] [20] [21] as well as numerical studies [4] has shown that periodic actuators can be more or less effective at modifying the shape of the separation, depending on how the frequency of the forcing compares to the characteristic frequency of the natural convective instability. With respect to this natural threshold, low actuation frequencies generally create a train of coherent counterotating vortices [22] , which enhances the growth of the separated shear layer and reduces L R [23] . High actuation frequencies, instead, tends to dampen shear layer instabilities, thus hindering its growth and increasing L R .
Despite these promising results, it is an empirical fact that industrially operative, active flow control systems are rare. In particular, one critical issue that is yet to be solved concerns their scalability. Indeed, the scaling parameters of the controlled flow are of fundamental importance, even with black-box approaches, to guarantee reliable deployment to full-scale applications, but they are still poorly understood. Quite remarkably, even in the case of unperturbed separating/reattaching flows we miss a clear understanding of the scaling laws of even simple, mean-field features such as L R . Indeed, although some L R patterns have been identified which seem consistent across experiments [2, 24] , their practical use is often limited, because the behaviour of L R appears to be significantly influenced by complex interactions of a large number of factors such as geometry [25, 26] , free flow turbulence [27] , and the ratio between the thickness of the incoming boundary layer and the height of the step [23] .
In this respect, recent works suggest that simpler descriptions of the behaviour of both unperturbed and controlled separating/reattaching flows might be obtained by considering the role of mass or momentum entrainment. Picking up from the theory of Chapman et al. [28] , Stella et al. [5] analysed the exchanges of mass within the separated flow behind a descending ramp, for several different values of the parameter Re θ = U ∞ θ/ν, where U ∞ indicates free-stream velocity, θ is the momentum thickness of the incoming boundary layer and ν is the kinematic viscosity of the fluid. They found that L * R = L R /h, with h being the height of the ramp, scales as Re m θ , where m depends on the turbulent state of the incoming boundary layer. More interestingly, L * R is approximately linearly proportional to the normalised backflowṁ * R =ṁ R / (ρU ∞ h), ρ being density, that is the flux of mass that goes through the recirculation region. In other words, Stella et al. [5] show that the characteristic length scale of separating/reattaching flows scales simply with the backflowṁ * R , while the relatively complex dependency on Re θ can be confined to the behaviour ofṁ * R . Results reported by Berk et al. [22] convey a similar idea. These researchers used synthetic jets to control L * R in a BFS flow. To compare the action of the jet for four different values of actuation frequency, they measured the amount of mean field momentum entrained from the free flow in a large control volume, encompassing the entire recirculation region, by the train of vortices generated by the jet. Interestingly, they found that the evolution of L * R becomes linear when it is expressed in function of this momentum entrainment, regardless to how the actuation frequency compares to the natural convective instability of the flow. In addition, Berk et al. [22] used phased-locked PIV to analyse the convected vortices, observing that the amount of entrained momentum depends on the frequency-driven nature of the interactions between successive vortices. Once again, entrainment provides a relatively simple description of the behaviour of L * R , independently of how it is itself affected by the variable controlling the flow. Observations reported by Berk et al. [22] and Stella et al. [5] on the variation of L * R contribute to draw attention on the importance of entrainment in the functionning of separating/reattaching flows. However, they do not define an entrainment-based, coherent interpretative framework for these flows. This work aims at filling this gap, by proposing a new model of separating/reattaching flows that puts mass entrainment at the center of the picture. In this respect, analysis of mass entrainment is privileged for its simplicity, but also because verifying continuity seems a more pertinent approach to the study of the behaviour of L * R (i.e. the characteristic size of a closed region) than the investigation of mean momentum transfer. We stress that, for developing and discussing our model, we will exclusively focus on the mean flow, intended in the sense of the Reynolds Averaged Navier-Stokes (RANS) equations. Accordingly, throughout this work we will conform to the so-called Reynolds decomposition of the velocity field, and to its standard notation. For example, the instantaneous wall-normal velocity component v will be written as:
where V and v ′ are the mean and fluctuating wall-normal velocities, respectively. The same decomposition and notation apply to the streamwise velocity component u. In the remainder of the paper, the symbol * will be used to indicate normalisation on U ∞ , or h, or both, depending on the dimensions of the normalised quantity.
Let us consider Figure 1 , which shows the streamline representation of the mean flow investigated in this study. This is a massive turbulent separation, developing behind a descending ramp geometrically similar to the one used in Stella et al. [5] . In contrast with that study, however, in the present experiment L * R can be forced with a rack of synthetic jets, as done in Berk et al. [22] . In Figure 1 , streamline patterns can be interpreted as those of a large spanwise vortex. Such vortex appears as the dominant feature of the mean separated flow. Its elongated shape, fitting between the wall and the dividing streamline ( [28] among others), is approximately divided in half by the mean separation line [29] . Then, the lower part of the vortex covers the entire mean recirculation region, while its upper one corresponds to a sizeable portion of the mean separated shear layer. This being so, L * R is the characteristic streamwise length of the vortex. In addition, streamlines indicate that the vortex rotates clockwise. Then, the vortex entrains fluid from the recirculation region to the shear layer in a neighbourhood of the mean separation, and viceversa in a neighbourhood of the mean reattachment point (represented with red arrows in Figure 1 ). This is exactly the general description of the backflow provided by Chapman et al. [28] and Stella et al. [5] , so thatṁ * R seems to be related to the amount of mass put in rotation by the vortex. All in all, the spanwise vortex seems to be representative of the main topological features of the mean flow, in particular L induced by a vortex can be determined from its circulation Γ * V and its characteristic size L * R [30] . For the vortex to support the analysis of mean separating/reattaching flow in terms of mass entrainment, it is then key to relate both Γ * V and L * R to the backflow. To address this issue, we investigate the relations connecting these quantities on a set of different mean separated flow topologies, obtained by forcing the baseline ramp flow of Figure 1 with the synthetic jets. In addition to characterising the vortex model, our hope is to confirm the linear L * R trend found by Berk et al. [22] , in their analysis of momentum entrainment from the free flow. This would reduce results reported by Berk et al. [22] and by Stella et al. [5] to a single entrainment description, based onṁ * R and supported by the vortex model of the flow.
An important problem affecting any entrainment-based approach to the control of separating/reattaching flows concerns the observability of entrainment. Indeed, directly measuringṁ * R (as well as any other mass or momentum flux) requires to reconstruct large portions of at least a bidimensional mean velocity field. This is unfeasible in most industrial applications, in which flow sensing can usually rely only on sparse, pointwise input, one typical example being wall-pressure information sensed by flush-mounted pressure taps. In spite of the observed linear L * R trends, then, the reconstruction ofṁ * R appears to be a real showstopper for any practical application of an entrainment-based approach to flow control. Anyway, the vortex model might offer new ideas to tackle this problem, since the pressure distribution induced by a vortex appears to be, at least to a certain extent, related to its circulation and its topology [31, 32] . Then, the second objective of this paper is to use the vortex model to propose a correlation betweenṁ * R and wall-pressure, that might serve to develop simple, industrially deployable estimators ofṁ * R . The paper is organised as follows. Section II describes the experimental set-up, including the descending ramp and the baseline flow. The characteristics of the synthetic jets as well as their effects on the scaling of forced flows are discussed in section III. Section IV is dedicated to the backflow: it covers the computation ofṁ * R and its correlation to both Γ * V and L * R . The reconstruction ofṁ * R from wall-pressure measurements is discussed in section V and conclusions and perspectives are given in section VI. In addition, some annexed aspects of mass entrainment are presented in Appendix. 
II. EXPERIMENTAL SET-UP
This section describes the experimental model, the baseline flow and the measuring devices used in this study.
A. Model, wind tunnel and baseline flow
We consider the massive turbulent separation that develops downstream of a salient edge, descending ramp of constant slope α = 25
• and height h = 100 mm. A schematic view of the ramp as well as the reference system used throughout the experiment are given in Figure 2 . Readers are referred to Kourta et al. [7] and Debien et al. [33] for further details on the model. Measurements are taken in the S1, closed-loop wind tunnel at PRISME Laboratory, University of Orléans, France. The main test section is 2 m by 2 m wide and 5 m long. The maximum reachable free stream velocity is 60 m s −1 , with a turbulence intensity lower than 0.3 %. The model is placed at mid-height, and it spans the entire width w of the test section. This provides an aspect ratio w/h = 20, which according to Eaton and Johnston [29] should be high enough to guarantee that the mean separated flow is bidimensional (see [7] for the baseline flow).
Throughout the experiment, the reference velocity U ∞ , measured above the upper edge of the ramp, is fixed at 20 m s −1 . Following the prescriptions of Adams and Johnston [23] , we use the parameter Re θ to assess the intensity of turbulence in the incoming boundary layer. The chosen value of U ∞ gives Re θ ≈ 2550. To allow comparison with Stella et al. [5] , Re θ is measured at x/h = −9; y/h = 0, by integrating the mean streamwise velocity profile [34] . At the upper edge of the ramp, it is δ e /h ≈ 0.3, where δ e is the local thickness of the incoming boundary layer. Figure  3 
B. Measuring devices
Since the mean flow is bidimensional, the characteristic parameters of the vortex model, which is the core of this study, can be recovered from 2D Particles Image Velocimetry (2D-2C PIV). Particle images are recorded at midspan, by two LaVision Imager LX 11M cameras (4032 × 2688 px 2 ). Taking into account the overlap between the fields of view (FOV) of each camera, the total FOV covers an area of 6.3h x 3.2h (see Figure 2 ). Since the spanwise vortex is a feature of the mean field, in this work we focus on first order statistics of the flow. Then, 500 independent image pairs for each tested control configuration are sufficient to attain adequate statistical convergence. Laser light is provided by a 200 mJ/15 Hz/532 nm Quantel Evergreen 200-10 Nd:YAG laser, illuminating olive oil particles used to seed the flow. Images are correlated with the FFT, multi-pass algorithm of the LaVision Davis 8.3 software suit. The interrogation window is initially set to 64 × 64 px 2 and then reduced to 32 × 32 px 2 , with a 50 % overlap. These settings yield a final vector spacing of 1.89 mm.
Pointwise velocity signals are acquired by single-component, hot-wire probes. Dantec 55P15 and 55P11 probes are respectively used for collecting velocity profiles in the incoming boundary layer and for characterising the response of the fluidic actuators. Signals are sampled at f s = 60 kHz for approximately 10 s. They are subsequently low-pass filtered with a cutoff frequency f c = 30 kHz.
Pressure at the lower edge of the ramp (see Figure 1 ) is acquired by means of a Chell µDAQ-32C pressure scanner connected to a digital acquisition unit. The scanner has a full range (FR) of 2.5 kPa and an uncertainty of 0.25 % FR. Pressure fluctuations are strongly damped by the pneumatic link between the pressure tap and the scanner [7] . Accordingly, only mean pressure variations are investigated, by averaging 3 × 10 4 samples acquired at f s = 500 Hz.
III. FLOW FORCING AND ITS EFFECTS ON SCALING
The ability of the vortex model to represent mean separated flows needs to be tested in many different flow configurations, for example by varying ramp geometry, or parameters of the flow such as Re θ . This task is often unpractical for the experimentalist: it requires additional measurements and time-consuming resets of the experimental set-up, while achieving flow modifications which, depending on the available facility and its constraints, are in many cases too small to validate the model on a sufficiently wide range of conditions. For example, in Stella et al. forcing. Periodic actuators appear to be particularly well suited for this purpose, since a wide range of different flow configurations can be obtained simply by varying the actuation frequency (see references in Sec. I). In this study, the flow is forced with a spanwise rack of 3 synthetic jets, designed and integrated in accordance with previous experimental and numerical studies [16, 35] . Each jet is ejected through a continuous slot of width b = 1 mm and length l = 660 mm, placed 2 mm downstream of the upper edge of the ramp (see Figure 2 ). The jet is generated by a loudspeaker (Precision Devices PD.1550) and a cavity, fitted underneath the ramp. The axis of the jet is normal to the surface of the ramp. The loudspeakers are driven by single tone excitation signals in the form:
with E A being the peak-to-peak excitation voltage and f A the actuation frequency. In this study, E A is set to 2 V, while f A is tuned within the range [0, 200] Hz. Overall, 21 values of f A are tested. For convenience, in the remainder of the paper f A will be expressed as a Strouhal number St A = f A h/U ∞ . The peak jet velocity U * JP , which depends non-linearly on the choice of E A and St A , is characterised with a hot-wire probe. Measurement settings described at Sec. II B guarantee that the frequency response of the probe is well above the largest actuation frequency tested in this study. Figure 4 shows that the actuator acts like a band-pass filter: its frequency response is almost flat at U * JP,max ≈ 2 for St A ∈ (0.1; 0.25) and drops significantly out of this range. Figure 5 presents the evolution of L * R with respect to St A . Results are in good agreement with previous observations [17, 19, 22] . Indeed, L * R decreases strongly at low actuation frequencies, reaching a minimum L * R,min ≈ 1.5 (i.e. as much as a 75 % reduction of its baseline value) for St A,min ≈ 0.25 to 0.35. The topological definition of the vortex model given in introduction links the size of the vortex to L * R , implicitely considering that this is the main characteristic scale of the mean flow. This is generally an acceptable assumption for a natural (i.e. non forced) flow. Anyway, Berk et al. [22] show that the synthetic jets introduce an additional macroscopic scale into the instantaneous flow, which is the St A -dependent characteristic length scale of the train of vortices that they generate. Before going any further in the discussion of the vortex model, then, it seems important to verify whether this new scale modifies the scaling of the mean flow, or if L * R remains the dominant length scale of controlled cases too. One simple starting point to investigate this matter might be found by considering how the external forcing affects the surface (i. 1, let us approximate the shape of the vortex with an ellipse. Then, it will be:
in which a * and b * are the semi-major axis and the semi-minor axis of the ellipse, respectively. Figure 3 and Figure  6 suggest that the major axis can be associated with the mean separation line, so that a * ∼ L * R . This being so, it does not seem unreasonable to postulate that, in first approximation, the external forcing will at most affect the scaling of b * . Let us then study the evolution of b * in more details. Since α is not too large, Figure 1 suggests to put b * ≈ |−1 − y * V | = 1 + y * V , where y * V is the vertical position of the center of the vortex. As a feature of the time-averaged flow, the vortex is stationary. Then, its center can be identified as a point of the mean separation line where V = 0, placed in the neighbourhood of (x * − x * S )/L * R = 0.5. Figure 7 shows the trend of b * with respect to L * R . Although scatter is not negligible for L * R < 2.5, most available datapoints contribute to sketch a clear linear correlation between b * and L * R , which encourage us to put:
and hence:
Direct computation of A * V is, in general, not straightforward. Anyway, the surface of the recirculation region A * R seems to be an adequate estimator of A * V . Indeed, on the one hand the definition of the vortex suggests that A * V ≈ 2A * R (see Sec. I). On the other hand, A * R is delimited by the mean separation line (i.e. ≈ 2a * ) while b * approximately corresponds to its height. This being so, Figure 8 reports the evolution of A * R with respect to (L * R ) 2 , showing that available data agree well with Eq. 5. All in all, these results imply that L * R remains the main characteristic length scale of the mean separating/reattaching flow, regardless to the working point of the actuators. The scales typical of the train of vortices generated by the synthetic jets [22] do not seem to affect the scaling of the mean flow. Hence, the definition of the vortex model given at Sec. I is relevant to the study of forced separating/reattaching flows. 
IV. MASS ENTRAINMENT
The objective of this section is to illustrate how the vortex model takes into account mass exchanges within the separated flow and, in particular, how its defining parameters Γ * V and L * R can be associated to the backflowṁ * R .
A. Computation of the backflow
The first necessary step of our investigation is to evaluate the intensity of the backflow and its evolution with St A . It is once again reminded thatṁ * R is the mass flux that goes through the recirculation region [5] . Interestingly, the recirculation region has only one permeable boundary, that is the mean separation line. Since the mean flow is bidimensional, continuity implies that the total mass flux through the mean separation line should be zero, that is:
where s is a curvilinear abscissa defined along the mean separation line S R and φ is the angle between the local normal (pointing toward the free flow) and the Y axis. As shown in Figure 9 , the recirculation region verifies Eq. 6 approximately within an error ǫ * R ≈ ± 2.5 × 10 −2 for all tested values of St A , which seems acceptable, at least in comparison to errors reported by Stella et al. [5] . A large fraction of ǫ * R seems to be due to laser reflections at the wall, that produce spurious vectors in regions of the velocity field that surround the extrema of the mean separation line.
It is clear from Figure 1 that the amount of mass that rotates with the vortex should alone assure continuity. Eq. 6 can then be recasted as:
where the superscripts IN and OUT indicate mass injection and extraction, respectively. According to Eq. 7, then, the estimation of the backflowṁ * R requires to condition the velocity integral of Eq. 6 to the sign of V , which gives:
In this expression, V + represents positive velocity values and V − negative ones, respectively. In itself, continuity does not put any constraint on the form of the integrands of Eq. 8. Anyway, results reported by Stella et al. unperturbed flow show that V + are rather concentrated over x/h < L * R /2, while V − are found on x/h > L * R /2. This is also well verified in the present experiment, at least if L * R is not too small, as suggested by shape of the streamlines shown in Figure 1 . In addition, phenomenological arguments supporting such an approximately odd distribution of V along the mean separation line can be found in the work of Chapman et al. [28] : these researchers highlighted that the amount of mass scavenged into the recirculation region at reattachment should balance the flux of mass re-entrained into the shear layer at separation. The evolution ofṁ * R with St A , computed using Eq. 8, is presented in Figure 4 and Figure 9 . Interestingly, Figure 4 shows thatṁ * R is approximately inversely correlated to the frequency response of the jet, even if the minimum value ofṁ * R seems to be attained for higher values of St A than those for which U * JP reaches its maximum. In any case, it appears that, in first approximation, the higher is U * JP , the more effective is the jet at hindering the backflow.
It is important to remark that even if the value of ǫ * R is quite homogeneous across the spanned St A domain, its relative impact on our investigation increases asṁ * R → 0. In particular, it is ǫ * R >ṁ * R on St A ∈ (0.12, 0.22). For sake of safety, then, datapoints within this frequency subrange (highligted by empty symbols in Figure 9 ) will be discarded in the remainder of the paper.
B. Backflow and vortex circulation
Now that values ofṁ * R are available, we can start the discussion of the vortex model by investigating whetherṁ * R can be related to Γ * V . Let us begin by making the assumption that the total circulation of the flow can be modelled as:
where Γ * 0 is the circulation of a hypothetical flow with no separation. In principle, Γ * 0 should only depend on geometry and free flow velocity. In the reference system of Figure 2 , it is both Γ * 0 < 0 and Γ * V < 0. Eq. 9 implies that all variations of Γ * measured in the experiment should be attribuable to variations of the properties of the vortex. In this respect, it does not seem unreasonable to put: as the size of the vortex is driven by the action of the synthetic jets (see Figure 5) . Mind that the correlation postulated in Eq. 10 appears to be a negative one. Indeed, since the velocity scale of the free flow remains U ∞ (see also Sec. V B for what concerns the recirculation region), Γ * V should decrease as L * R shrinks and hence, according to the analysis proposed by Berk et al. [22] , as Γ * jet (St A ) increases. The same work by Berk et al. [22] suggests that the mean amount of circulation injected in the flow by the controller is given by:
in which τ indicates time, T is the actuation period and the dependency on St A was omitted for simplicity. According to Figure 4 , the proportionality with respect toṁ * R should hold at least on St A > 0.1. By plugging Eq. 11 into Eq. 9 one obtains:
In a bidimensional flow, Γ * is classically computed as:
where t is the local tangent to the closed contour S V , which is presented in Figure 1 . As for what concerns Γ * 0 , it can be estimated by fitting Eq. 12 onto available values of Γ * andṁ * R , which gives Γ * 0 ≈ −5.21. Figure 10 shows that, in spite of some scatter, computed values of Γ * V verify Eq. 12 relatively well. It seems then safe to consider thatṁ * R is related to Γ * V , i.e. that the backflow can be assimilated to the amount of mass put in rotation by the vortex. Since the vortex dominates the separated flow, the link with Γ * V gives strong support to the idea thatṁ * R is a key quantity in the functionning of separating/reattaching flows.
C. Backflow and vortex size
The second vortex parameter that has to be compared toṁ * R is its characteristic scale L * R . Not surprisingly, Figure  11 of the mean recirculation region (see Eq. 8 and discussion). The trend of L * R with respect toṁ * R appears to be well approximated by a linear model in the form:
where k m,L and L * R,0 were estimated at approximately 60 and 0.8, respectively, by fitting Eq. 14 on available data. The non-null value of L * R,0 is somehow surprising, because it seems to imply that the recirculation region does not disappear forṁ * R → 0. In this paper we do not tackle this problem directly, but some arguments supporting L * R,0 > 0 are discussed in Appendix.
Regardless to the value of L * R,0 , anyway, Eq. 14 is in fundamental agreement with findings reported by Berk et al. [22] . Indeed, comparison of Figure 11 with Figure 5 proves thatṁ * R is a more appropriate predictor of the evolution of controlled separating/reattaching flows than St A [22] , providing a sensibly simpler, monotonical description of the behaviour of the characteristic length scale L * R . It is stressed that the linear trend presented in Figure 11 was obtained without making any hypothesis on the characteristics of the actuator. In fact, observations reported by Stella et al. [5] on the scaling of L * R in a unperturbed flow suggest that a linear relationship betweenṁ * R and L * R , similar to Eq. 14, might be a general property of separating/reattaching flows assimilable to the one under study.
V. AN ESTIMATOR FORṁ * R
By exploiting the vortex model, previous sections contributed at affirming the key role of mass entrainment in separating/reattaching flows. In this regard, two findings seem particularly promising in the perspective of separation control. In the first place, it appears that L * R (i.e. the state of the flow, at least for what concerns topological analysis) could be reconstructed simply from the backflowṁ * R . In the second place, the inverse correlation betweenṁ * R and the characteristic actuation velocity U * JP might hold promise of entrainment-based, closed-loop control systems, in whichṁ * R feedback might be used to regulate the intensity of the command given to attain a target flow state. In the light of these elements, in principleṁ * R stands out as a powerful control variable, that might provide both information to reconstruct the state of the flow and input for actuation. Unfortunately, in practice measuringṁ * R is impossible in most real-life applications, because the large velocity fields that are necessary to its computation are usually not available (see Sec. IV A). In this respect, we argue that the vortex model might provide a model-based definition of simply deployable observers forṁ * R , and hence L * R .
A. Relatingṁ * R to the pressure field Practical problems in sensing industrial flows make it suitable to base the estimation ofṁ * R on simply accessible information. The first candidate quantity that comes to mind is wall-pressure, which in most applications can be directly measured with relatively unexpensive, available on-the-shelf, flush-mounted pressure taps. The mean wallpressure distribution typical of separating/reattaching flows assimilable to the one under study is well characterised for the baseline flow (for example, see [36] and related, subsequent literature) and already documented in the case of flows controlled with synthetic jets [35] . Anyway, a quantitative link between mean wall-pressure (and the pressure field more in general) andṁ * R is not self evident. It is then convenient to begin our discussion by explicitely investigating if such link exists. In this regard, the vortex model can help our reasoning, as follows. Since the vortex dominates the mean flow, it does not seem unreasonable to relate the vertical pressure force acting on the mean separation line to the circulation Γ V . By invoking the Joukowski theorem, this relation can be expressed as:
in which P (s) is the pressure distribution along the mean separation line, P V is its average value and P ∞ is the mean static pressure in the free stream above the descending ramp. It suits our purposes to consider that P V ≈ P (x V , y V ), where x V is the streamwise position of the vortex center (see Figure 1) . At least for what concerns the baseline flow, this hypothesis is supported by the odd form of the pressure gradient reported by Stella et al. [5] . By normalising all quantities in Eq. 15, one naturally obtains:
In this expression, C p,V can be interpreted as the characteristic pressure coefficient of the center of the vortex, computed as:
Starting from the vortex model, in previous sections we have already proposed dependencies onṁ * R for both Γ * V (Eq. 12) and L * R (Eq. 14). By plugging these expressions into Eq. 16, one simply obtains:
which should hold at least if L * R is not too small with respect to L * R,0 . Eq. 18 provides a first connection between the pressure field and the backflow, even if C p,V is generally not accessible without deeply perturbing the separated flow. We then need to go one step further in our reasoning, and relate C p,V to a wall-pressure value.
B. The wall-normal pressure gradient within the recirculation region
In order to introduce mean wall-pressures into Eq. 18, it is useful to look into the effects of the external forcing on the spanwise position of the center of the vortex x * V . Figure 12 shows that, with the exception of the baseline flow and of few controlled flows which are assimilable to it (e.g. St A ≈ 1), x * V is relatively stable and similar to x * low = 1/tan (α), which is the position of the lower edge of the ramp. This suggests that P b , that is the wall-pressure at the base of the ramp (see Figure 1) , might be related to the pressure field induced by the vortex, in particular at its center. For simplicity, let us put x * V ≈ x * low . Then, it will be:
The non-dimensional vertical pressure gradient ∂C p /∂y * can be computed with the RANS equation along the wallnormal direction, as:
where the symbol • indicates ensemble averaging. It is practical to estimate the order of magnitude of ∂C p /∂y * with some dimensional analysis. An interesting starting point is given by the relationship b * ∼ L * R (Eq. 4), which has implications on the scaling of velocities within the recirculation region. Indeed, since the backflow must remain constant through all sections of the recirculation region, the following should be verified:
In this expression, U * R < 0 is a characteristic streamwise velocity scale within the recirculation region and v * e,R is the mean entrainment velocity along the mean separation line. We show in Appendix that, if
is approximately independent of St A and v * e,R = O 10 −2 . Of course, Eq. 4 implies that U R ∼ U ∞ as long as v * e,R ≈ const. , that is, if the recirculation region is not too small, the velocity scale within the recirculation region is similar to the one of the baseline flow, regardless to the working point of the synthetic jets. If this is so, we can tentatively rely on previous works on natural separated flows to assess the order of magnitude of each term of Eq. 20. In particular, results reported by Le et al. [9] , Dandois et al. [4] and Stella et al. [5] (among others) suggest that U * R = O 10 −1 within the recirculation region, and that the turbulent terms will tend to cancel each other out. Previous sections allow us to also assume that the characteristic horizontal and vertical length scales of the recirculation region will both depend on L * R . In addition, it seems possible to consider that V * ∼ v * e,R (for this approximation, the reader is referred to Eq. 24 and 25 in appendix VI). With these dimensional considerations in mind, Eq. 20 reduces to:
Since L * R = O(1), this leads to:
The evolution of C p,b with respect toṁ * R is presented in Figure 13 , showing relatively good agreement with the linear trend predicted by Eq. 23. We stress the practical interest of this result: the base pressure C p,b , obtainable with a single flush-mounted pressure tap, appears to be a reliable observer ofṁ * R . Since the main characteristic properties of the vortex model, including L * R , were shown to evolve approximately monotonically withṁ * R , C p,b might allow to simply reconstruct many fundamental aspects of the large-scale mean topology of separating/reattaching flows, without the need of expensive and unpractical sensing systems.
VI. CONCLUSIONS
In this study we have proposed an original model of mean separating/reattaching flows, which puts the backflowṁ * R at the core of their functionning. Our model represents the mean flow as a large spanwise vortex, covering the entire recirculation region and most of the separated shear layer. The vortex is defined by two characteristic parameters, its scale L * R and its circulation Γ * V . To test the relevance of the model, we have analysed the relationship betweeṅ m * R and the parameters of the vortex on a set of 21 different mean separated flows, each obtained by forcing a single separated ramp flow at a different actuation frequency. The external forcing, provided by a rack of synthetic jets, significantly changes the mean topology of the flow, but it does not impact its global L * R scaling. As a first step, we have estimatedṁ * R from PIV data, showing that its intensity is approximately inversely correlated to the characteristic jet velocity U * JP . We have also demonstated that the circulation induced by the vortex Γ * V scales as (ṁ * R )
2 : as such,ṁ * R can be assimilated to the amount of mass that is entrained in rotation by the circulation of the vortex. Since in our model the vortex dominates the separated flow, this result immediately highlightsṁ * R as one of the key variables driving mean separating/reattaching flows. On this basis, we have then analysed the correlation betweenṁ * R and L * R , showing that it can be satisfactory approximated with a linear model. This finding confirms and extends previous studies on natural and forced separating/reattaching flows, suggesting thatṁ * R is a more appropriate estimator of the variation of L * R than other flow or actuation parameters, such as the thickness of the incoming boundary layer or St A . This might pave the way to a universal description of separating/reattaching flows, in particular independent of the characteristics of the actuators.
As a final contribution, we have exploited the vortex model to tackle the problem of estimatingṁ * R in industrial applications. By invoking the Joukovsky theorem, we have proven thatṁ * R is linearly correlated to the pressure at the center of the vortex, which is itself well approximated by wall-pressure at the base of the ramp. As such, it appears that a single pressure measurement, simply accessible with a flush-mounted tap, might be sufficient to estimateṁ In turn, this might allow us to both reconstruct L * R (as well as many large-scale features of the mean flow scaling with it) and close the control loop, by usingṁ * R as feedback to tune U * JP . In the light of these findings, our future efforts will pursue two complementary objectives. In the first place, we aim at exploiting mass entrainment to develop new model-based, closed-loop separation control systems. In the second place, we would like to extend the vortex model adopted in this study, in the hope of contributing to the development of fast, inexpensive numerical tools to predict the large-scale features of separating/reattaching flows.
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APPENDIX: A NOTE ON ENTRAINMENT RATES
Although not essential to the present discussion of the vortex model, it seems important to complete the analysis of the role of the backflow by briefly investigating the mean entrainment rate along the mean separation line. Hereafter, this quantity will be indicated with the symbol v * e,R . Interest in the behaviour of v * e,R is motivated by several previous findings. In particular, Stella et al. [5] shows that v * e,R plays a crucial role in the development of the separated shear layer (along with the entrainment rate of external fluid from the free flow) and hence in the tuning of L * R [10, 22, 23] . In this respect, we believe that, through the study of v * e,R , our experimental database and some of the findings of previous sections can provide new, relevant insight into the interactions between the actuator and the separated flow.
According to Stella et al. [5] , v * e,R can be computed as:
In this expression, v e,R is a mean entrainment velocity computed along the mean separation line, say on x/h ∈ (L R /2, L R ), and hence, in first approximation:
where s V and s 1 are the values of s corresponding to x V and x R , respectively. Figure 14 presents values of v * e,R yielded by Eq. 24, for all retained values of St A (see Sec. IV A). Eq. 24 suggests that v * e,R can be interpreted as a measure of efficiency of mass exchange through the mean separation line. Then, v * e,R is plotted in function ofṁ * R . Results reported by Stella et al. [5] show that in a unperturbed flow v * e,R is insensitive to changes in the structure of the separated shear layer, caused by a relatively wide variation of Re θ in the incoming boundary layer. Quite surprisingly, a similar behaviour is also observed in Figure 14 , forṁ * R > 0.03. On this domain, indeed, it is v * e,R ≈ v * e,H ≈ 0.021, which is in very good agreement with entrainment rates observed by Stella et al. [5] (v * e,R ≈ 0.024 ± 0.002). Sincė m * R is linearly correlated to L * R (see Figure 11 ), it appears that for large recirculation regions the efficiency of mass exchanges through the mean separation line is as insensitive to actuation as to Re θ . In addition, v * e,H does not seem to be much affected by the value of the parameter δ e /h either [23] , as suggested by comparing the present experiment (δ e /h ≈ 0.3) with Stella et al. [5] (δ e /h ≈ 0.9). This being so, it seems likely that v * e,H might rather depend on factors that were kept similar across experiments, in particular geometric characteristics such as the profile of the ramp, or its expansion ratio (approximately 1.1 in both cases). Forṁ * R < 0.03, Figure 14 shows that v * e,R decreases linearly, approximately of a factor 10 per every decade ofṁ * R . Sinceṁ * R is also linearly correlated to L * R , Eq. 14 implies that the jets have an effect on v * e,R only if L * R < 2.5. Such small recirculation regions are attained for St A approximately within (0.05, 0.5), which broadly corresponds to those actuation frequencies for which U In this regard, it seems worth pointing out that the trend of v * e,R shown in Figure 14 conceptually reminds the transfer function of a high-pass filter, in the form: 
In this expression,ṁ * R,cut is a cutoff value, that can be estimated as the value ofṁ * R for which v * e,R ≈ v * e,H /2. For the present experiment, available data yieldṁ * R,cut ≈ 0.0123. Let us now take a look at Eq. 24 once again. By considering S * R ≈ L * R and plugging in Eq. 14, simple manipulations lead to:
Comparing this latter expression with Eq. 26 givesṁ * R,cut = L * R,0 /k m,L ≈ 0.0133 and v * e,H = 2/k m,L ≈ 0.033, which are both pleasingly close to measured values, in particular in the case ofṁ * R,cut . These findings have several important implications. Firstly, the evolution of v * e,R withṁ * R seems to support the linear correlation betweenṁ * R and L * R proposed in Eq. 14, including for what concerns the existence of a non null, minimum recirculation length L * R,0 . Secondly, Eq. 24 and Eq. 27 might provide interesting insight into the physical significance of both parameters of Eq. 14. In particular, the proportionality constant k m,L does not depend on actuation parameters, nor on properties determined by the incoming boundary layer, such as Re θ or δ e /h, because k m,L ∼ v * e,H −1 and v * e,H ≈ 0.02 in both the present experiment and the unperturbed flow analysed in Stella et al. [5] . Since the two works share the same ramp profile and have similar expansion ratios, it seems more likely that k m,L mostly depends on geometry. As for what concerns L * R,0 , it is tempting to relate its value to the frequency response of the actuators. Indeed, Eq. 14 yields:
and hence L * R,0 ∼ L * R,min . Now, curves reported in Figure 4 and Figure 5 suggest that L * R → L * R,min is broadly correlated to U * JP → U * JP,max , i.e. that L * R,min might be mainly determined by the saturation of the synthetic jets. Then, although at present no element allows to definitely discard an additional dependency on geometry, L * R,0 might be rather influenced by properties of the actuators. Finally, it seems important to remind that, at least to a certain extent, U * JP can be considered anticorrelated toṁ * R (see Figure 4) . This means that it should be possible to transpose Eq. 27 into a low-pass filter that applies to the velocity of the synthetic jet. In other words, the control action becomes ineffective at reducing L * R if U * JP exceeds a value corresponding toṁ * R,cut . Most importantly, for a given actuator this threshold seems to mainly depend on the geometry of the ramp. 
